The genome sequence for Schistosoma mansoni has been determined, allowing the complete protein complement to be predicted. However, few functional genomics techniques have been developed for use in S. mansoni, limiting the usefulness of the sequence data. Here we describe a whole mount in situ hybridization (WISH) method that can be used to identify the tissue-specific expression of transcripts in S. mansoni. Using this protocol we determine the tissue-specific expression of tetraspanin 2, a femaleenriched tetraspanin, phenol oxidase, the secretory Cu/Zn superoxide dismutase, and an Argonaute family member. The localization of these transcripts by WISH correlates with prior studies performed using immunohistochemistry and/or in situ hybridization on tissue sections. WISH can be adapted to screen multiple transcripts, thus identifying novel targets for drugs or vaccines.
Schistosomiasis, or bilharzia, affects more than 200 million people, making it a major cause of morbidity and mortality worldwide. Although the genome sequence for Schistosoma mansoni has been determined [1] , our understanding of schistosomes at the molecular level is still quite rudimentary and the function of most predicted genes/proteins is unknown. Bioinformatics can predict the function of some proteins based solely on their sequence, but many schistosome genes have no homologs outside of the genus [1] , posing problems for understanding the function of many schistosome-specific proteins. Since many of the techniques used in other model systems to characterize gene function have not yet been adapted for use in S. mansoni, new methodologies need to be developed. Because schistosomes have multiple tissues and organs systems involved in processes such as digestion, neural function, and reproduction, understanding the tissue and/or cellular expression pattern of a gene may provide useful information about the function of its encoded protein. In situ hybridization (ISH) experiments on histological sections are used routinely for adult schistosomes, but they are labor intensive, requiring the analysis of many sections to determine the localization of a transcript [2] . Immunohistochemistry is another useful methodology, but requires a great deal of time and resources (e.g., recombinant protein production, purification and antibody production), thus rendering it less than optimal as a screening tool to analyze multiple genes. Whole mount in situ hybridization (WISH) experiments are routinely performed to characterize gene expression patterns in numerous animal models, from hydra to higher vertebrates [3, 4] . Because of the complex tissue architecture of schistosomes, WISH would be a valuable method to determine the expression patterns of schistosome-specific gene products. Although a WISH protocol has been described for schistosomes [5] , we have developed an alternative method that provides high-resolution transcript localization while maintaining the structural integrity of worms during the fixation and incubation steps. Here we present this streamlined WISH protocol that will be useful as a moderate-throughput screening tool to localize transcripts. To demonstrate the functionality of this WISH protocol we have examined the tissue expression of several transcripts: phenol oxidase (po), tetraspanin 2 (tsp2), a female-specific tetraspanin (fs-tsp), an Argonaute (Ago) family member, ago2, and a secretory form of Cu/Zn superoxide dismutase (sp-sod).
A Puerto Rican strain of S. mansoni was maintained in Biomphalaria glabrata snails and NIH Swiss mice according to previously described methods [6] . Mice were infected through tail exposure to cercariae and adult parasites were harvested through portal vein perfusion at 49 days post infection. Maintenance and experiments using vertebrate animals were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee (IACUC) at Rush University Medical Center (IACUC number 08-058; DHHS animal welfare assurance number A3120-01).
Transcripts were amplified from a mixed adult male and female cDNA library using primers shown in Table 1 . PCR products were cloned into the pCRII vector using the TOPO TA Cloning Kit (Invitrogen) or into the pJC53.2 vector [7] through standard cloning 
Table 1
Primers used to generate probes for this study. Primers used to generate probes for phenol oxidase (po), tetraspanin 2 (tsp2), female specific tetraspanin (fs-tsp), argonaute 2 (ago2) and secretory Cu/Zn superoxide dismutase (sp-sod) and the size of the probe generated are shown. The GenBank TM accession number (Acc. #) for each gene is given. methods. Using these plasmids we generated digoxigenin-labeled riboprobes using the Riboprobe System (Promega) with SP6, T7, or T3 RNA polymerases and digoxigenin-11-UTP (Roche). The method for S. mansoni WISH described here has been adapted from a method developed for Schmidtea mediterranea [8] . Adult parasite pairs were separated by incubating worm pairs on ice and then fixing them in 4% paraformaldehyde (PFA) (Ted Pella) diluted in PBS with 0.3% Triton-X 100 (PBSTx) for 15 min. To enhance probe penetration adult males were reduced in 50 mM DTT, 1% NP-40, and 0.1% SDS for 10 min at 37 • C and then both males and females were dehydrated in a methanol series (100% PBSTx, 50% methanol, and 100% methanol) for 5 min each and stored at −20 • C for up to 1 month. Prior to use, worms were bleached in 6% hydrogen peroxide diluted from a 30% stock in methanol under light for up to 20 h; this procedure was found to remove color from the gut and prevent tanning (browning) of the female vitellaria upon exposure to heat. Following bleaching, worms were rinsed in methanol, rehydrated through a methanol series to PBSTx and then incubated for 10 min in PBSTx with 0.1% SDS. Worms were permeabilized with proteinase K (Invitrogen) at 1 g/mL diluted in PBS. The permeabilization time depends on the sex of the worms; male worms were permeabilized for 15-20 min and female worms were permeabilized for 10 min. After permeabilization, worms were post-fixed in 4% PFA for 10 min and rinsed with PBSTx. Prehybridization began with incubation for 10 min in prehybridization solution (50% de-ionized formamide, 5× SSC (diluted from 20× SSC from Sigma), 1 mg/mL torula yeast RNA, 1% Tween 20) mixed with PBSTx at a 1:1 ratio, followed by transfer to prehybridization solution and incubation at 56 • C for 2 h in a hybridization oven (Thermo Scientific Hybaid Shake and Stack). Prehybridization solution was then removed and the worms were incubated in hybridization buffer (prehybridization solution with 10% dextran sulfate and 2 ng/mL of the riboprobe) for 18-20 h at 56 • C. The following day, the riboprobe mix was removed and worms were transferred to incubation baskets. These containers were made by cutting the bottom off of microfuge tubes and melting a nylon mesh (100 m, Millipore) to the bottoms to create a basket that can be moved through solutions in 24-well plates used throughout the remainder of the protocol. Stringency washes were performed with solutions preheated to 56 • C in the following order: Prehybridization solution mixed with 2× SSC at a 1:1 ratio, 2× SSC with 0.1% Triton-X 100, 0.2× SSC with 0.1% Triton-X 100 in the hybridization oven with agitation. All washes were carried out twice for 30 min each at 56 • C. After stringency washes specimens were cooled to room temperature and washed twice with maleic acid buffer (100 mM maleic acid, 150 mM NaCl, 0.1% Tween-20, pH 7.5, MABT). Specimens were then incubated in blocking solution (10% horse serum in MABT) for 2 h followed by an overnight incubation at 4 • C with an anti-digoxigenin-alkaline phosphatase-conjugated antibody (Roche) diluted 1:2000 in blocking solution. The following day specimens were washed for 2 h in MABT, changing buffer every 20 min. After washing, specimens were incubated in AP buffer (100 mM Tris, pH 9.5; 100 mM NaCl; 50 mM MgCl 2 ; 0.1% Tween-20 brought up to volume with 10% polyvinylalcohol solution). Hybridization signals were detected by adding a nitro blue tetrazolium (NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) solution (AP buffer with 450 g/mL NBT (Roche) and 175 g/mL BCIP (Roche)). Samples were developed for 20 min to 24 h depending on the probe. Development was halted by replacing the development buffer with PBSTx and washing thoroughly. Specimens were then post-fixed in 4% PFA for 10 min, washed with PBSTx, and incubated in 100% ethanol for 20 min. Specimens were rinsed in 50% ethanol and then PBSTx before being cleared in 80% glycerol. Specimens were mounted in 80% glycerol under glass coverslips and imaged. Images were obtained from at least two independent WISH experiments using at least 20 worms of each sex in each experiment.
Phenol oxidase (PO), or tyrosinase, is known to function in the cross-linking of eggshell precursor proteins and the protein has been localized to the vitellaria of S. mansoni [9] [10] [11] . Using WISH we find that po mRNA is expressed in the vitellaria of adult female schistosomes (Fig. 1A and B) . Specifically, mature vitelline cells (proximal to the vitelline duct) are labeled more intensely than the immature vitelline cells located distally to the vitelline duct. In addition, we find that po probes also label cells within the entire vitelline duct; however, po transcripts are not detected in the ovary or other female reproductive tissues such as the oviduct, ootype, and uterus.
Tetraspanin 2 (Tsp2) is a promising vaccine target against S. mansoni [12] . Immunofluorescence studies show that the Tsp2 protein is localized to the tegument of adult schistosomes where it is thought to function in immune evasion [12] . In agreement with the antibody localization studies, we find that tsp-2 mRNA localizes to sub-tegumental cells of both adult male and female schistosomes ( Fig. 1C and D) . Internal focal planes (Fig. 1C) and more superficial focal planes (Fig. 1D) reveal tsp2 signal at the periphery of the worm (Fig. 1C) , consistent with expression below the tegument. Because there are 28 tetraspanin genes in the schistosome genome [1] , which should be expressed in many different tissues, the localization of tsp-2 transcripts to the sub-tegumental cells demonstrates the specificity of this WISH protocol. Although the expression patterns of all 28 genes have not been reported, we have localized another tetraspanin transcript (fs-tsp), which has been shown by SAGE to be enriched in female worms [13] . fs-tsp, like po, specifically labels the vitellaria and cells in the vitelline duct. fs-tsp localizes to the vitelline duct both near the vitellaria and the area of the duct near the ovary. Like po, fs-tsp mRNAs are not detected in the ovary or uterus; unlike tsp-2, fs-tsp mRNAs are not detected in the parenchyma or sub-tegumental cells in the male (not shown) or female ( Fig. 1E and F) . The female-specific tetraspanin protein has four membrane spanning segments typical of tetraspanins (not shown) and is therefore expected to be localized to the cell surface. Although the exact function of this tetraspanin has not been defined, its expression on the surface of vitellocytes suggests it plays a role in vitellocyte-vitellocyte or vitellocyte-oocyte interactions during egg formation.
SODs are important redox proteins, defending cells against reactive oxygen species by converting the superoxide radical to molecular oxygen and hydrogen peroxide [14] . Using WISH we find that sp-sod localizes to the vitellaria of females, the sub-tegumental cells, and a subset of cells in the parenchyma that appear to be associated with the intestine of male worms (Fig. 1G-J) . Although sp-sod labels the vitellaria of females it does not have the same pattern as either fs-tsp or po. sp-sod labels the immature vitelline cells strongly and only weakly labels mature vitelline cells in the vitelline lobes or in the vitelline duct ( Fig. 1G and H) . Immature vitelline cells, found at the periphery of the gland, have a large nuclear-tocytoplasmic ratio [15] , giving them a doughnut-like appearance. In addition, the transcript is not found in the ovo-vitelline duct, the ovary, or other female reproductive tissues. Transcriptome analysis determined that sp-sod was expressed almost exclusively (>20 fold enriched) and at high levels in reproductively active adult female worms (0.7% of SAGE tags sequenced) compared to adult paired males [13] . In addition this transcript was found at very low levels in females or males from single sex infections or liver stage worms. A similar, female-enriched expression of another antioxidant protein, glutathione peroxidase, has been reported [16] , suggesting a redox system enriched in female reproductive tissues. Other studies found that sp-SOD was much less abundant than the cytosolic form of SOD and localized to the sub-tegument of adult male worms [17] ; however, no localization in female worms was reported. sp-sod specific mRNA was detected in the female within 3 h of incubation in detection solution but sp-sod mRNA in the male was not detected until 22 h of incubation, reflecting the difference in sp-sod transcript abundance between males and females. The detection of low levels of sp-sod mRNA in male worms illustrates the utility of WISH in detecting both abundant and rare transcripts. We generated the sp-sod probe from a region that is poorly conserved between the three SOD genes and includes the secretory leader sequence of sp-sod; therefore, there should be no crosshybridization with the cytosolic Cu/Zn SOD or the mitochondrial Mn SOD.
Argonaute (Ago) proteins participate in post-transcriptional regulatory processes through gene silencing mediated by small RNAs. Mature small RNAs generated by Dicer bind Ago proteins in the RNA-induced silencing complex (RISC) and guide them to their gene targets where they function in gene silencing via direct mRNA degradation, mRNA deadenylation, or blocking translation [18, 19] . Ago proteins are critical for germline cell maintenance in fruit flies and mice [20] and knockdown of ago2 by RNAi leads to the loss of neoblasts and tissue regeneration in the planarian Dugesia japonica [21] . S. mansoni contains 4 Ago proteins expressed in all life cycle stages but enriched in adult worms, cercaria, and eggs [22] . These proteins contain the conserved PAZ and PIWI domains present in other Ago proteins. In WISH experiments S. mansoni ago2 transcripts are found in the ovary, especially the posterior ovary segments containing mature oocytes ( Fig. 2A) . ago2 transcripts are also found in vitelline glands and testes of adult worms (Fig. 2) . These data suggest that ago2 may play a role in the regulation of germ cell maintenance in the gonads and vitelline cells of S. mansoni. The ago2 probe used in this study is designed to the PAZ domain and part of the PIWI domain but does not have a high degree of nucleotide identity with S. mansoni ago1 or ago3 (not shown).
This study shows that WISH is a powerful tool for characterizing the expression of S. mansoni transcripts. WISH can be used to screen transcripts with little prior information. As there are still many predicted genes in the S. mansoni genome that remain uncharacterized or have no functional data, analysis of their celltype and tissue-specific expression patterns will be useful to inform potential roles for these genes in the biology of the parasite, leading to more productive drug and vaccine candidate screening programs.
